Abstract: Cr-coating was deposited on AISI 5140 steel by electro brush-plating, followed by annealing treatment at different temperatures, from 300 to 1100 • C. The microstructure evolution of the Cr-coating was characterized by backscattered electron imaging (BSEI) and energy dispersive spectrometry (EDS). The results show that the brush-plated sample has a nodular shaped microstructure, which is very stable at 300 • C of annealing. At 500 • C of annealing, the constitution of the microstructure changes from nodules to grains. As the annealing temperature further increases, the grains grow significantly. When the temperature reaches 1100 • C, a Cr-Fe solid-solution layer is formed within the original pure Cr-coatings. With increasing annealing temperature, the number of micro-cracks in the coating increases first and then decreases, reaching a maximum at 500 • C. The hardness and wear-resistance of the coating are improved when the annealing temperature increases to 1100 • C, owing to the decrease of micro-cracks that formed during brush-plating.
Introduction
As the most important component in transmitting power and adjusting speed, the reliability of the gears within a machine determines the performance of the entire device [1, 2] . The primary failure mode of gears is wear, which is a gradual loss of surface material due to interfacial interactions between two contacted parts [3] . To satisfy the high demands of the transmission system design within an aerospace system, for example, gears are being developed for high load, high speed, large gear ratio, high-efficiency transmission, lightweight, high reliability, and complicated usage conditions [4] . These conditions make the requirements for the wear resistance of the gear more demanding. In addition to improving the wear resistance by solid-solution precipitation of second-phase particles on the substrate via microalloying [5] , surface modification by deposition or diffusion coating, such as plasma spraying [6, 7] , physical or chemical vapor deposition (PVD or CVD) [8, 9] , pulsed laser or laser cladding treatment [10, 11] , and thermo-diffusion coating [12, 13] are considered effective ways to improve the wear resistance and meet the growing demand of conventional gear steels.
Experimental Section

Materials and Methods
Commercial AISI 5140 steel was selected as the substrate material. The chemical composition was Fe-0.40C-0.23Si-0.27Mn-0.8Cr-0.030Ni by wt.%. Samples with gauge dimension of 25 × 20 × 6 mm 3 were prepared for brush-plating. Manual brush-plating was performed on a MBPK-50A system (Wuhan Research Institute of Materials Protection, Wuhan, China) at room temperature with a voltage of 10 V and a duration of 10 min. The brush-plating parameters were as follows: Electrical cleaning at +10 V for 60 s, strong activation at −10 V for 30 s, weak activation at −18 V for 30 s, electro brush-plating at +10 V for 10 min. Prior to brush-plating, sample surfaces were mechanically polished using sandpaper followed by ultrasonic cleaning to improve the adhesion between the substrate and coatings.
After brush-plating, the samples were rinsed with running water and ethyl alcohol to clean the residual chromium solution. Then, the as-plated samples were subjected to annealing treatment in a vacuum furnace at 300, 500, 700, 900, and 1100 • C for 0.5 h (denoted as A300, A500, A700, etc.). After annealing, all samples were naturally cooled to room temperature.
Characterization
The microstructure and element distribution of the as-plated and annealed samples were characterized by backscattered electron imaging (BSEI), secondary electron imaging (SEI) and energy dispersive spectrometry (EDS) using a field emission scanning electron microscope (FE-SEM, Zeiss ΣIGMA HD, Zeiss, Dresden, Germany). Hardness tests were performed on a microhardness tester (HVS-1000, Shanghai CSOIF CO., LTD, Shanghai, China) with a load of 200 g and a loading time of 10 s. Prior to the microstructure and microhardness examinations, the samples were mechanically polished and then electropolished in an electrolyte of perchloric acid (10%) and ethanol (90%) at −20 • C. Friction and wear tests were carried out on a friction and wear tester (MS-T3001, Lanzhou Huahui Instrument Technology Co., LTD, Lanzhou, China) with a 5 mm steel ball (AISI52100). The parameters were as follows: Load 5 N, duration time 10 min, spinning speed 200 r/min, and rotation radius 3 mm. Figure 1 shows SEI images from the cross-sectional and vertical views of the as-plated sample. As shown in Figure 1a , the steel surface is evenly covered by a Cr-coating with no conspicuous pits. However, two long cracks are observed in the coating. The thickness of the Cr-coating layer is about 30 µm. Figure 1b ,c shows that the Cr-coating layer has a rough surface and consists of equiaxed nodules with an average diameter of 15 µm. A highly-magnified image shows that equiaxed nodules are composed of distinct spherical particles with a diameter of 20-100 nm, as shown in Figure 1d . This structure consisting of nano-sized spheres has also been found in brush-plated Cr-coatings [4] and Ni-coatings [26, 28] . Tan et al. [26] reported this nodular structure as cauliflower shaped, and pointed out that each cauliflower is a particle that consists of many small crystalline grains in the brush-plated Ni-coating. It has been reported that the sphere size is related to the movement speed between the anode and cathode, the continuous supply of plating solution, and the appropriate contact pressure [15] . Additionally, the micro-cracks which penetrate the entire coating are clearly observed from both the cross-sectional view ( Figure 1a ) and the vertical view ( Figure 1b) . The micro-cracks can grow either along the nodule boundaries or directly from the nodule interior (see Figure 1a) . It has been pointed out that the formation and propagation of cracks are attributed to hydrogen evolution and stress generation during the electro brush-plating [23, 25, 29] . The existence of micro-cracks will deteriorate the quality of the coating. For instance, micro-cracks can reduce the adhesion of the coating to the substrate and decrease the corrosion and wear resistance, and even lead to premature fracture. Instrument Technology Co., LTD, Lanzhou, China) with a 5 mm steel ball (AISI52100). The parameters were as follows: Load 5 N, duration time 10 min, spinning speed 200 r/min, and rotation radius 3 mm. Figure 1 shows SEI images from the cross-sectional and vertical views of the as-plated sample. As shown in Figure 1a , the steel surface is evenly covered by a Cr-coating with no conspicuous pits. However, two long cracks are observed in the coating. The thickness of the Cr-coating layer is about 30 μm. Figure 1b ,c shows that the Cr-coating layer has a rough surface and consists of equiaxed nodules with an average diameter of 15 μm. A highly-magnified image shows that equiaxed nodules are composed of distinct spherical particles with a diameter of 20-100 nm, as shown in Figure 1d . This structure consisting of nano-sized spheres has also been found in brush-plated Cr-coatings [4] and Ni-coatings [26, 28] . Tan et al. [26] reported this nodular structure as cauliflower shaped, and pointed out that each cauliflower is a particle that consists of many small crystalline grains in the brush-plated Ni-coating. It has been reported that the sphere size is related to the movement speed between the anode and cathode, the continuous supply of plating solution, and the appropriate contact pressure [15] . Additionally, the micro-cracks which penetrate the entire coating are clearly observed from both the cross-sectional view ( Figure 1a ) and the vertical view (Figure 1b) . The microcracks can grow either along the nodule boundaries or directly from the nodule interior (see Figure  1a) . It has been pointed out that the formation and propagation of cracks are attributed to hydrogen evolution and stress generation during the electro brush-plating [23, 25, 29] . The existence of microcracks will deteriorate the quality of the coating. For instance, micro-cracks can reduce the adhesion of the coating to the substrate and decrease the corrosion and wear resistance, and even lead to premature fracture. Figure 2a ,e shows the microstructure of the A300 sample. Compared to the as-plated state, the microstructure does not change substantially, indicating that the nodular morphology is very stable at 300 °C of annealing. As shown in Figure 2b ,f, when the annealing temperature is increased to 500 °C, the nodular morphology of the Cr-coating disappears and is replaced by the polycrystalline characteristic. The average grain size is determined to be 1.6 μm (see Figure 2f ). increased to 500 • C, the nodular morphology of the Cr-coating disappears and is replaced by the polycrystalline characteristic. The average grain size is determined to be 1.6 µm (see Figure 2f) . Unexpectedly, there is a significant increase in the number of micro-cracks in A500 compared to the as-plated sample (see Figure 2b ). As the annealing temperature is further increased to 900 • C, the grain grows significantly to about 5.5 µm (see Figure 2g) . Meanwhile, the number of micro-cracks seemingly decreases (see Figure 2c ). When the temperature rises to 1100 • C, a transition layer (about 11.0 µm in thickness) is formed within the Cr-coating side, as shown in Figure 2d . The average grain size is around 6.7 µm and no obvious micro-cracks are observed in the coating (see Figure 2h) .
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Unexpectedly, there is a significant increase in the number of micro-cracks in A500 compared to the as-plated sample (see Figure 2b ). As the annealing temperature is further increased to 900 °C, the grain grows significantly to about 5.5 μm (see Figure 2g) . Meanwhile, the number of micro-cracks seemingly decreases (see Figure 2c ). When the temperature rises to 1100 °C, a transition layer (about 11.0 μm in thickness) is formed within the Cr-coating side, as shown in Figure 2d . The average grain size is around 6.7 μm and no obvious micro-cracks are observed in the coating (see Figure 2h) . The length per area of micro-cracks and the average grain size are measured and shown in Figure 3 . As the annealing temperature increases, the coating thickness does not change significantly (see Figure 2 ), but the total length of the micro-cracks in the coating increases first and then decreases. The reason for this change in micro-crack length can be attributed to the diffusion of Cr atoms in the coatings, which leads to the formation and growth of bulk Cr grains during annealing. At 500 °C, the diffusion rate of Cr atoms in the coating is significantly enhanced. Therefore, the voids between the spherical particles collapse and the nodules are transformed into grains. This transformation has been seen in other work where it was reported that, after annealing at 450 °C for 1 h, an as-deposited amorphous structure of a Ni-P coating is transformed into a polycrystalline Ni and Ni3P structure [30] . The void collapse and grain growth will inevitably lead to volume shrinkage in their local volumes and initiate micro-cracks within the coating. However, when the annealing temperature is high enough, the void collapse is consumed by the grain growth. Due to the high surface energy of the micro-cracks, the micro-cracks coalesce into larger pores or migrate to the surface of the material during the high-temperature annealing, thereby reducing or even eliminating the micro-cracks within the coating. The length per area of micro-cracks and the average grain size are measured and shown in Figure 3 . As the annealing temperature increases, the coating thickness does not change significantly (see Figure 2 ), but the total length of the micro-cracks in the coating increases first and then decreases. The reason for this change in micro-crack length can be attributed to the diffusion of Cr atoms in the coatings, which leads to the formation and growth of bulk Cr grains during annealing. At 500 • C, the diffusion rate of Cr atoms in the coating is significantly enhanced. Therefore, the voids between the spherical particles collapse and the nodules are transformed into grains. This transformation has been seen in other work where it was reported that, after annealing at 450 • C for 1 h, an as-deposited amorphous structure of a Ni-P coating is transformed into a polycrystalline Ni and Ni 3 P structure [30] . The void collapse and grain growth will inevitably lead to volume shrinkage in their local volumes and initiate micro-cracks within the coating. However, when the annealing temperature is high enough, the void collapse is consumed by the grain growth. Due to the high surface energy of the micro-cracks, the micro-cracks coalesce into larger pores or migrate to the surface of the material during the high-temperature annealing, thereby reducing or even eliminating the micro-cracks within the coating.
BSEI images and EDS line scans of the A500 and A1100 samples are shown in Figure 4 . These images show that, although the coating is composed of grains at 500 • C (see Figure 4b) , there is no significant interdiffusion between the Cr-coating and the steel substrate, as seen in the EDS results (see Figure 4a ). In contrast, there is significant interdiffusion between the coating and the substrate at 1100 • C, as seen in the EDS line scan in Figure 4c . This fast diffusion led to the formation of the diffusion layer (transition layer in Figure 2d ) within the original pure Cr-coating near the side of the substrate (see Figure 4d) . Such a diffusion layer is composed of a columnar grained Cr-Fe solid-solution (Cr-Fe SS), which has been reported to occur in Cr-coated steels prepared by pack-chromizing at 1100 • C [13] . In addition, the matrix of the A500 sample is tempered sorbite, while the matrix of the A1100 sample is pearlite. For the latter, the annealing temperature is the austenite phase field, and pearlite transformation occurs during cooling.
[ BSEI images and EDS line scans of the A500 and A1100 samples are shown in Figure 4 . These images show that, although the coating is composed of grains at 500 °C (see Figure 4b) , there is no significant interdiffusion between the Cr-coating and the steel substrate, as seen in the EDS results (see Figure 4a) . In contrast, there is significant interdiffusion between the coating and the substrate at 1100 °C, as seen in the EDS line scan in Figure 4c . This fast diffusion led to the formation of the diffusion layer (transition layer in Figure 2d ) within the original pure Cr-coating near the side of the substrate (see Figure 4d) . Such a diffusion layer is composed of a columnar grained Cr-Fe solidsolution (Cr-Fe SS), which has been reported to occur in Cr-coated steels prepared by packchromizing at 1100 °C [13] . In addition, the matrix of the A500 sample is tempered sorbite, while the matrix of the A1100 sample is pearlite. For the latter, the annealing temperature is the austenite phase field, and pearlite transformation occurs during cooling. Figure 5 illustrates the microstructure evolution of the brush-plated Cr-coating with increasing annealing temperature. At a low temperature (<500 °C), the coating remains the nodular structure of the as brush-plated state with a small number of micro-cracks. The nodular structure is composed of numerous nano-sized Cr particles. At a medium temperature (500-1100 °C), the Cr atoms start to diffuse and the voids between the nano-sized Cr spheres collapse. The constitution of the coating evolves from nodules to grains. During this period, the number of micro-cracks is dramatically increased due to the localized volume shrinkage caused by the void collapse and grain growth. At a high temperature (~1100 °C), the layer close to the coating surface is still a pure Cr layer with notably coarsened grains. However, the layer close to the substrate is Cr-Fe SS with large columnar grains. Meanwhile, the number of the micro-cracks is significantly reduced due to a minimization of the system energy. Figure 5 illustrates the microstructure evolution of the brush-plated Cr-coating with increasing annealing temperature. At a low temperature (<500 • C), the coating remains the nodular structure of the as brush-plated state with a small number of micro-cracks. The nodular structure is composed of numerous nano-sized Cr particles. At a medium temperature (500-1100 • C), the Cr atoms start to diffuse and the voids between the nano-sized Cr spheres collapse. The constitution of the coating evolves from nodules to grains. During this period, the number of micro-cracks is dramatically increased due to the localized volume shrinkage caused by the void collapse and grain growth. At a high temperature (~1100 • C), the layer close to the coating surface is still a pure Cr layer with notably coarsened grains. However, the layer close to the substrate is Cr-Fe SS with large columnar grains. Meanwhile, the number of the micro-cracks is significantly reduced due to a minimization of the system energy.
evolves from nodules to grains. During this period, the number of micro-cracks is dramatically increased due to the localized volume shrinkage caused by the void collapse and grain growth. At a high temperature (~1100 °C), the layer close to the coating surface is still a pure Cr layer with notably coarsened grains. However, the layer close to the substrate is Cr-Fe SS with large columnar grains. Meanwhile, the number of the micro-cracks is significantly reduced due to a minimization of the system energy. Figure 6 displays the microhardness distribution relative to the distance from the sample surface in various samples. The hardness of the as-plated and annealed samples gradually decreases along the depth direction and tends to stabilize at the steel substrate. The coating hardness decreases constantly with increasing annealing temperature when the annealing temperature is between 300 and 700 • C. This decrease in hardness is mainly due to the increase of micro-cracks and elimination of internal stress that was formed during plating. However, when annealed at a temperature between 700 and 1100 • C, the hardness of the coating increases with increasing annealing temperature due to the formation and growth of chromium crystals and the elimination of micro-cracks. Therefore, although the grain coarsens significantly as the annealing temperature increases, the Cr-coating of the A1100 sample has the highest hardness (1350 HV) compared to the as-plated and other annealed samples. The phenomenon that the hardness of the coating increases with the annealing temperature is also reported in the reactive radio frequency magnetron sputter-deposited chromium oxide coatings [31] . Additionally, the Cr-Fe SS layer formed at 1100 • C annealing is believed to have solid-solution reinforcement due to the lattice distortion caused by the dissolution of Fe into Cr [13] . Therefore, we conclude that the main reason for the A1100 sample coating having the highest micro-hardness value is because of the reduction of micro-cracks and increase in density, along with the additionally solid-solution strengthening. Figure 6 displays the microhardness distribution relative to the distance from the sample surface in various samples. The hardness of the as-plated and annealed samples gradually decreases along the depth direction and tends to stabilize at the steel substrate. The coating hardness decreases constantly with increasing annealing temperature when the annealing temperature is between 300 and 700 °C. This decrease in hardness is mainly due to the increase of micro-cracks and elimination of internal stress that was formed during plating. However, when annealed at a temperature between 700 and 1100 °C, the hardness of the coating increases with increasing annealing temperature due to the formation and growth of chromium crystals and the elimination of micro-cracks. Therefore, although the grain coarsens significantly as the annealing temperature increases, the Cr-coating of the A1100 sample has the highest hardness (1350 HV) compared to the as-plated and other annealed samples. The phenomenon that the hardness of the coating increases with the annealing temperature is also reported in the reactive radio frequency magnetron sputter-deposited chromium oxide coatings [31] . Additionally, the Cr-Fe SS layer formed at 1100 °C annealing is believed to have solidsolution reinforcement due to the lattice distortion caused by the dissolution of Fe into Cr [13] . Therefore, we conclude that the main reason for the A1100 sample coating having the highest microhardness value is because of the reduction of micro-cracks and increase in density, along with the additionally solid-solution strengthening. Figure 7 shows wear morphology of various samples, which show that the wear scar width of the as-plated sample is about 343 μm (see Figure 7a,d) . For the A500 sample, the wear scar width sharply increases to about 580 μm (see Figure 7b ,e), indicating a significant decrease in wear resistance due to the increase of micro-cracks within the Cr-coatings during annealing at 500 °C. The wear scar width of the A1100 sample decreases to about 270 μm (see Figure 7c,f) , indicating that the wear resistance is improved again due to the elimination of the micro-cracks within the coatings during annealing at 1100 °C. The experimental results of the changes in friction coefficient and sample mass further confirm this evolution, as shown in Figure 8 . The friction coefficients plotted as a function of the friction time of various samples are displayed in Figure 8a . It has been reported that due to the increase of micro-cracks within the Cr-coatings during annealing at 500 • C. The wear scar width of the A1100 sample decreases to about 270 µm (see Figure 7c ,f), indicating that the wear resistance is improved again due to the elimination of the micro-cracks within the coatings during annealing at 1100 • C. The experimental results of the changes in friction coefficient and sample mass further confirm this evolution, as shown in Figure 8 . The friction coefficients plotted as a function of the friction time of various samples are displayed in Figure 8a . It has been reported that in the initial stage of friction (<1 min), the friction coefficients are affected significantly by the surface quality (e.g., roughness, oxidation, and contamination), and the curve ranging from 1 to 10 min is probably the real friction coefficient [32] . Furthermore, when compared to the as-plated sample, as wear time increases, the wear coefficient of the A500 sample increases significantly and there is no tendency towards stabilization. In contrast, for the A1100 sample, the wear coefficient only slightly increases with the increasing wear time and tends to stabilize when worn for 6 min. When the wear time is longer than 6 min, the friction coefficient of the A1100 sample is significantly lower than that of the as-plated and the A500 samples, indicating that the A1100 sample has the best wear resistance during prolonged service. For the A500 sample, the abrasion resistance of the coating is seriously degraded due to the high number of micro-cracks in the coating that accelerates the wear of the coating. Figure 8b shows the statistical results of the mass loss after the abrasion test. These results indicate that the wear resistance of the coating deteriorates after annealing at 500 • C and becomes better when annealing at 1100 • C. indicate that the wear resistance of the coating deteriorates after annealing at 500 °C and becomes better when annealing at 1100 °C. It is also worth noting that both the hardness and wear resistance of the coatings are improved after the annealing treatments, but the hardness and strength of the steel substrate are noticeably reduced. To obtain a high hardness and strength of the steel substrate, it is necessary to increase cooling rate after annealing to reduce the coarsening of the steel substrate, thereby reducing the effect of the annealing treatment on the strength and hardness of the substrate. indicate that the wear resistance of the coating deteriorates after annealing at 500 °C and becomes better when annealing at 1100 °C. It is also worth noting that both the hardness and wear resistance of the coatings are improved after the annealing treatments, but the hardness and strength of the steel substrate are noticeably reduced. To obtain a high hardness and strength of the steel substrate, it is necessary to increase cooling rate after annealing to reduce the coarsening of the steel substrate, thereby reducing the effect of the annealing treatment on the strength and hardness of the substrate. It is also worth noting that both the hardness and wear resistance of the coatings are improved after the annealing treatments, but the hardness and strength of the steel substrate are noticeably reduced. To obtain a high hardness and strength of the steel substrate, it is necessary to increase cooling rate after annealing to reduce the coarsening of the steel substrate, thereby reducing the effect of the annealing treatment on the strength and hardness of the substrate.
Mechanical Properties
Conclusions
Cr-coating was deposited on the AISI 5140 steel by electro brush-plating and subsequently annealed at different temperatures from 300 to 1100 • C. The influence of annealing temperature on microstructure, micro-cracks, and properties was characterized and studied. The main conclusions are as follows:
At low temperature (<500 • C), the coating remains as a nodular structure, which is composed of large amounts of nano-sized Cr particles. As the annealing temperature increases to 500 • C, the constitution of the microstructure changed from nodules to grains.
As the annealing temperature is further increased to 1100 • C, the layer close to the coating surface is still pure Cr with notably coarsened grains, while the layer close to the substrate is Cr-Fe SS with large columnar grains.
With the increase of annealing temperature, the number of micro-cracks in the coating increases first and then decreases. When annealed at 500 • C, the number of micro-cracks is highest due to local volume shrinkage, which induced new micro-crack formation caused by the void collapse of the nano-sized Cr particles within the original nodules.
The hardness and wear-resistance of the coating are improved when the annealing temperature is increased to 1100 • C, owing to the solid-solution strengthening of the new formed Cr-Fe SS layer and the decrease of micro-cracks within the Cr-coatings. For the brush-plated Cr coatings, high-temperature annealing is recommended to promote nodular-to-grain transformation to increase coating adhesion and eliminate micro-cracks within the coating, thereby increasing the hardness and wear resistance of the coating.
